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ABSTRACT
The Southeastern U.S. is known as the “Wood Basket” for producing the vast
majority of U.S. timber, but projected increases in the frequency of severe drought events
could threaten timber plantations. Loblolly pine (Pinus taeda) is the principle timber
species of the southeast and is distributed across the Atlantic Coastal Plains and west into
Texas. Western Gulf states (LA, TX, AR, and OK) lie at the edge of the range for
loblolly pine and are particularly vulnerable to any changes in precipitation or
temperature. Current research suggests two main methods to increase plantation drought
resistance: plant drought resistant seedlings or reduce tree density. This study seeks to
evaluate whether genetic entry or plantation density management (thinning) has the
capacity to ameliorate drought stress. Through a factorial design, the effect of drought on
three genotypes at two density-levels was compared through examining leaf physiology.
Leaf-level gas exchange parameters such as stomatal conductance (gs), maximum gross
photosynthesis (Pgmax) and dark respiration (Rd) were measured seasonally, with an
emphasis on summer months. For one summer, drought was simulated through trenching
plot perimeters and constructing throughfall exclusion shelters to limit lateral water flow
and precipitation, respectively. Our analysis found that each gas exchange parameter
varied significantly between seasons. Significant genotypic differences were detected in
Pgmax and Rd, but not gs. Following the initiation of drought simulation in June 2020,
throughfall exclusion structures were successful at reducing the soil moisture of drought
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treatments by early August. Despite the reduced soil moisture, statistically significant
effects of drought stress were not detected in gas exchange parameters. Even during the
heavy precipitation from hurricane Laura, throughfall exclusion structures were able to
maintain soil moisture differences between drought and non-drought treatments;
however, the drought simulation was not able to push drought treatments past key
ecological stress thresholds. We conclude that loblolly pine is indeed a very drought
resistant species and that further evaluation is needed to understand genotypic differences
in drought resistance and whether thinning can ameliorate plantation drought stress.
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CHAPTER 1
INTRODUCTION

1.1

Background

Loblolly pine (Pinus taeda L.) is the second most abundant tree in the continental
United States and is an intensely managed timber species in the Southeast (Oswalt et al.
2019). Its range extends from Delaware (39° N, 75° W), along the Atlantic coastal plain
to south Florida (28° N latitude), and westward into Southeast Oklahoma and east Texas
(97°30° W) (Schultz 1999). Breakthroughs in genetic refinement have drastically
increased plantation productivity in recent decades (Mckeand et al. 2003), but climate
intensification has the potential to cause economic loses during severe drought events
(McNulty et al. 2019). Plantations in Louisiana and other Western Gulf states (TX, OK,
and AR) are particularly vulnerable to decreases in precipitation because this region is the
most arid of loblolly pine’s range (Sun et al. 2015). These risks have spurred new interest
in drought mitigation strategies. Utilizing drought-resistant genotypes and reducing
plantation density through thinning represent the two most promising methods to
ameliorate plantation drought stress.
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1.2

Objectives

The overall goal of this study is to quantify trends in gas exchange for the
selected genotypes of loblolly pine to satisfy the following objectives:
1. Assess differences in carbon metabolism among loblolly pine genotypes.
2. Evaluate variation in drought resistance between eastern and western
genotypes.
3. Assess the capacity of thinning to ameliorate drought stress.

CHAPTER 2
LITERATURE REVIEW
2.1
2.1.1

Plant Drought Relations

Climate Change
Louisiana experienced one of the worst droughts ever recorded during the 2011

growing season (NOAA 2011). This drought impacted much of the Southeast which
suffered significant agricultural losses from widespread water deficits (NOAA 2011).
Current climate projections predict that southeastern forests will experience greater
temperatures and more sporadic precipitation over the coming decades (McNulty et al.
2019). While the degree and timeframe of climate intensification is uncertain, research
suggests crop evaporative stress is already increasing relative to historic values (Ficklin
and Novick 2017). Total annual precipitation may not change, but strong seasonal effects
are projected to occur where summers become more arid due to greater temperatures
increasing evapotranspiration (Ahmadalipour et al. 2017). Plants will experience greater
evaporative demand as vapor pressure deficit (VPD) increases due to hotter and dryer
weather patterns (Breshears et al. 2013; Ficklin and Novick 2017; McDowell et al. 2008).
Drought stress has the potential to reduce timber yields during moderate droughts
(Dougherty et al. 1995; McNulty et al. 1996) and cause widespread mortality during
extreme events (McDowell et al. 2008; McNulty et al. 2019). Models predict loblolly
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pine productivity will be decreased by greater VPD (Sampson and Allen 1999) or lower
precipitation (Mcnulty et al. 1996). Western Gulf Region forests are particularly
vulnerable because they typically experience seasonal summer water deficits (Dougherty
et al. 1995; Eckert et al. 2010). Drought stress mitigation will be critical in maintaining
productive forest plantations in spite of climate variability.
2.1.2

Plant Gas Exchange and Drought
Plants must open their stomata to attain atmospheric CO2 for carbon assimilation

through photosynthesis (Hsiao 1973). Diurnally, plants respond to soil water content by
modifying stomatal conductance to reduce water loss and maximize photosynthesis
(Hsiao 1973; Jones 1998). The water potential gradient between internal leaf tissue and
external air creates water vapor flow through the stomata aperture to the atmosphere
(Hsiao 1973). Based on the cohesion tension theory, evapotranspiration of water vapor
pulls water from the soil into the roots and up the xylem to replace transpired water in the
leaf tissue (Dixon and Joly 1895, reviewed by Sperry 1995). Transpiration is heavily
impacted by vapor pressure deficit (VPD) (Teskey et al. 1986) which controls the rate of
water loss by influencing the water potential gradient between the atmosphere and
internal leaf tissue (Hsiao 1973; Jones 1998). Because stomatal conductance and
photosynthesis are positively correlated in loblolly pine (Teskey et al. 1986), water
deficits and arid weather have the potential to dramatically reduce productivity. How
plants balance water loss and gas exchange has important implications for drought
resistance.
Current physiology research suggests there are two behaviors that describe plant
stomatal response to water deficits (Tardieu 1993; Tardieu and Simonneau 1998;
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Mcdowell et al. 2008; but see Novick et al. 2019). Isohydric species prioritize leaf water
potential by reducing stomatal conductance and transpiration as soil moisture decreases.
These plants reduce carbon assimilation with decreasing water availability. Anisohydric
species prioritize gas exchange over leaf water potential and continue to photosynthesize
as soil water content becomes more limiting. These behaviors relate to the direct causes
of drought-induced plant mortality: Carbon starvation and hydraulic failure (Mcdowell et
al. 2008). Isohydric species are more likely to die from carbon starvation as they will
close their stomata to reduce water loss at the expense of carbon assimilation. Plant
metabolic demand will utilize stored carbon while stomata are closed, but extended
stomatal closure will deplete carbon stores and cause cell death (Mcdowell 2011).
Anisohydric species maintain gas exchange during water deficits to increase carbon gains
at the risk of subjecting xylem to high osmotic tension. Xylem tension will continue to
increase as gas exchange occurs during water deficits. Once the critical xylem tension
threshold is reached, xylem will cavitate and form embolisms which prevent further
hydraulic flow (Sperry 2002; Tyree and Sperry 1988). Sufficient cavitation and
embolisms will result in hydraulic failure and plant desiccation, which is thought to be
the common cause of mortality in anisohydric species (Mcdowell et al. 2008). Longer
droughts will result in carbon starvation as stored carbon will deplete as water deficits
persist (Mcdowell et al. 2008). More intense droughts will cause faster hydraulic failure
as xylem tension increases from lower soil water content (Mcdowell et al. 2008).
Evidence suggests that there is genotypic variation in stomatal responses to water
deficits (Attia et al. 2015). Attia et al. (2015) found that an isohydric cottonwood
(Populus sp.) genotype had greater water-use efficiency due to their greater stomatal
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sensitivity to water deficits, but also had lower growth rates than the anisohydric
genotype. The anisohydric genotype maintained greater cumulative transpiration despite
declining water deficits. This anisohydric behavior allowed greater gas exchange and
carbon assimilation during moderate drought. Loblolly pine behavior has been described
as both anisohydric (Maggard et al. 2016b; Bulfe and Fernández 2016) and isohydric
(Hacke et al. 2000; Ewers et al. 2000; Domec et al. 2009). These varying descriptions of
stomatal behavior may reflect genotypic variation or phenotypic plasticity. Previous
research used genetic transformation to cause an isohydric variety (S. lycopersicum) to
express anisohydric behavior, which increased stress tolerance and fruit yields (Sade et
al. 2009). If stomatal behavior in loblolly pine is caused by genotypic variation,
incorporating anisohydric genotypes in plantations would increase yields due to their
greater gas exchange rates at moderately droughty sites, but it would potentially increase
vulnerability during extreme drought events.
2.1.3

Loblolly Pine Drought Physiology
Loblolly pines exhibit high phenotypic plasticity to optimize water relations based

on environmental conditions. Hacke et al. (2000) compared water-use between midrotation loblolly pine plantations on sandy and loamy soils. Trees on the sandy site had
almost six times greater root area to leaf area ratios. This reflected a nearly three times
increase in root area and a decrease in leaf area relative to the loamy site. Sandy site trees
especially increased root area in deeper soils to increase water extraction. Trees at the
sandy site also exhibited greater stomatal sensitivity to declining soil water content.
These adaptations may have occurred to compensate for the greater xylem vulnerability
to hydraulic failure of sandy site trees (Hacke et al. 2000). Ewers et al. (2000) conducted
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a similar study on mid-rotation loblolly pines grown on sandy soil and compared the
effects of fertilization on water relations. Their results suggest that fertilized trees were
more vulnerable to drought because fertilization increased leaf area but not root area,
which caused an imbalance in water relations (Margolis et al. 1995). As such, fertilized
trees had lower hydraulic failure safety margins from their greater leaf area. Fertilized
trees compensated for their lower safety margin by decreasing stomatal conductance in
response to water deficits, which helped maintain leaf water potential away from critical
values. It is worth noting that fertilized trees had a 35% increase in height, but the
increased productivity came at the cost of greater drought vulnerability (Ewers et al.
2000).
Loblolly pine photosynthesis rates can be used to evaluate the effect of drought
stress on plant physiology. In the absence of drought, photosynthesis rates will track
closely with diurnal trends in light intensity (Ellsworth 2000; Yang et al. 2002). Teskey
et al. (1986) found that loblolly pine seedling photosynthesis rates exhibited little
response to increased VPD and temperature when well-watered. Greater VPD did
significantly increase transpiration, but this did not reduce photosynthesis or stomatal
conductance because they ensured water was not limiting. Under natural conditions,
water is limiting and loblolly pines reduce their stomatal conductance with declining soil
water content (Blazier et al. 2018; Bongarten and Teskey 1986; Domec et al. 2009;
Ellsworth 2000; Gonzalez-Benecke et al. 2010; Teskey et al. 1986). Because stomatal
conductance and photosynthesis are highly correlated, a decline in stomatal conductance
will likely reduce photosynthesis (Blazier et al. 2018; Ellsworth 2000; Green and
Mitchell 1992; Teskey et al. 1986; Wong et al. 1979). Stomatal behavior results in a
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tradeoff between the need for carbon assimilation and avoidance of water loss (Jones
1998; Wong et al. 1979). Long-term adaptations to drought depend on processes like
modifying biomass partitioning behavior, but short-term responses like photosynthesis
and stomatal behavior can be measured to quantify seasonal plant water relations.
Directly measuring tree responses to drought is the most efficient way to
understand and compare drought resistance between species and genotypes. Because of
drought’s ephemeral and unpredictable nature, simulating drought with throughfall
reduction is an attractive method for drought research. Wu et al. (2011) completed a
review of precipitation reduction studies across various ecosystems and found they
generally reduced photosynthesis, aboveground productivity, aboveground biomass, and
soil respiration. These conclusions are similar to the observations from throughfall
reduction studies in loblolly pine. Loblolly pine experienced reduced photosynthesis from
simulated water deficits in several studies (Maggard et al. 2016a; Samuelson et al. 2014;
Tang et al. 2004). These reductions in photosynthesis corresponded with decreased
stomatal conductance (Maggard et al. 2016a; Samuelson et al. 2014; Tang et al. 2004)
and evapotranspiration (Tang et al. 2004) as the trees began to conserve soil water
content. Water deficits reduce stomatal conductance, which cause significant stomatal
limitations to photosynthesis (Brix 1962; Ellsworth 2000; Teskey et al. 1986).
Decreasing foliage area is another loblolly pine response to throughfall reduction
(Bracho et al. 2018; Maggard et al. 2016a; Maggard et al. 2016b; Maggard et al. 2017;
Pell and Samuelson 2016; Tang et al. 2004). Early seasonal foliage senescence in
response to dry conditions have been observed during natural droughts (Dougherty et al.
1995). Because canopy foliage area and gas exchange are highly correlated (Bracho et al.
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2018; Wightman et al. 2016; Whitehead 1998), reductions in foliage area cause declines
in canopy evapotranspiration, which can conserve soil water content (Sun et al. 2015).
Processes that increase foliage area, such as fertilization (Pell and Samuelson 2016; Tang
et al. 2004), may also increase loblolly pine vulnerability to drought (Bartkowiak et al.
2015; Ward et al. 2015). Samuelson et al. (2014) observed that both fertilization and
throughfall reduction decreased carbon-13 isotope discrimination which indicates greater
stomatal limitation (Francey and Farquhar 1982). When the effect of drought simulation
is observed at the whole-tree level, throughfall reduction decreases whole-canopy
stomatal conductance, evapotranspiration, and photosynthesis (Tang et al. 2004; Ward et
al. 2015). A decline in foliage area lowers whole-tree photosynthesis, which results in
lower carbon gains that negatively impact tree growth (Sampson and Allen et al. 1999).
Dougherty et al. (1995) suggested that more arid summers would decrease needle area
and likely impact plantation yields. Throughfall reduction decreased height, diameter,
stem volume growth, and aboveground biomass in several loblolly pine studies (Bracho
et al. 2018; Maggard et al. 2016b; Maggard et al. 2017; Samuelson 2014; Will et al.
2015). It is clear that simulated droughts decrease productivity and yields in loblolly pine.
If these studies mimic future drought conditions from climate intensification, then
management options must be investigated to reduce drought vulnerability. Utilizing
drought-hardy genotypes and families is one method to increase drought resistance in
future plantations.
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2.2
2.2.1

Loblolly Pine Genetics

Loblolly Pine Provenances
As early as 1927, foresters were realizing the potential for yield improvements by

selecting optimal seed sources for a particular region (Schmidtling 2001). The 1951
Southwide Southern Pine Seed Source Study (SSPSSS) marks one of the earliest attempts
to quantify provenance growth differences in loblolly pine seed sources. These early
studies discovered strong regional environmental adaptations of seed sources. Fusiform
rust resistance (Cronartium quercuum (Berk.) Miyabe ex Shirai f. sp. fusiforme) was one
of the first traits identified that varied by seed source (Schmidtling 2001; Wells 1983).
The most significant observation of the SSPSSS was that seed sources west of the
Mississippi were more drought resistant and fusiform rust resistant than seed sources east
of the Mississippi, but had inferior growth rates (Wells 1983 and Lambeth et al. 1984).
Phenotypic variation in western and eastern provenances has been noted for
decades, but the source of these differences were thought to be from the isolating effects
of the Mississippi river that divides the loblolly pine range. The last glacier maximum,
the Wisconsin glaciation, occurred 18,000 years ago and was characterized by cold
temperatures and glaciers that extended as far south as Ohio. Current evidence suggests
that the southern pines survived the Pleistocene epoch by occupying an eastern refugium
in Florida and a western refugium in south Texas/north Mexico (Schmidtling 2003;
Schmidtling 2007). Loblolly pine occupied both refugia, but genetic exchange was
restricted. Based on allozyme data, it is theorized that the eastern and western loblolly
pine populations diverged 97,000 years ago during the last interglacial period
(Schmidtling 2007; Schmidtling et al. 1999; Wells et al. 1991). This led to strong
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regional adaptations where pines of the western refugium (P. taeda and P. palustris)
developed fusiform rust resistance that is not observed in P. elliottii or eastern P. taeda
which developed in the eastern refugium (Schmidtling 2003; Schmidtling 2007). Range
wide genetic analysis of loblolly pine supports the Pleistocene refugia hypothesis and
suggests that there are currently three genetic clusters for the species (Eckert et al. 2010).
The greatest amount of genetic distinction exists between populations west of the
Mississippi and the eastern most provenance along the Atlantic Coastal Plain (VA, NC,
and SC). The third genetic cluster occupies the Gulf Coastal Plain (GCP) (MS and AL)
east of the Mississippi, which have experienced genetic admixture from the Atlantic
Coastal Plains and the Western Gulf Region (TX, LA, AR, and OK). Prevailing winds
since the Holocene flow from west to east, permitting one-way gene flow from western to
eastern populations. This has isolated the Western Gulf Region (WGR) provenance from
eastern populations and maintained genetic diversity in the species.
Western Gulf seed sources are utilized for drought and rust resistance while
Atlantic Coastal Plain (ACP) seed sources are preferred to maximize timber production
(Schmidtling 2001; Lambeth et al. 1984, 2005; Wells 1983). GCP seed sources have been
observed to be inferior to ACP seed sources in growth traits, even when planted in the
Gulf Coastal Plain (Sierra-Lucero et al. 2002; Schmidtling 2001; Farjat et al. 2017; Wells
1983). It is thought that western gene flow to the GCP region contributes to their poorer
growth rates (Sierra-Lucero et al. 2002; Schmidtling 2001). ACP seed sources can
perform on par or even outperform WGR seed sources on droughty sites (Blazier et al.
2002, 2004; Chmura et al. 2007;Will et al. 2010), but other studies have observed greater
mortality for ACP seed sources (Long 1980; Wells 1983; Lambeth et al. 1984; Smith et
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al. 2014; Walker et al. 2020). The ACP provenance offers the greatest volume gains
under ideal conditions and intensive silviculture, but western seed sources may be
preferential if extreme drought conditions become more common in the future.
2.2.2

Genetic Variation and Performance
Growth performance variation between provenances and families are largely

attributed to differences in crown architecture. McCrady and Jokela (1996) documented
several family-level differences in crown traits that were associated with performance.
High-performing families had traits that contributed to greater leaf area, such as longer
live crown length and greater foliage longevity. A follow-up study at the same site by
McCrady and Jokela (1998) further explained the success of high-performing families by
documenting their greater light interception and radiation use efficiency that contributed
to superior aboveground net primary productivity. Chmura et al. (2007) compared an
ACP family against elite Texas families and a Livingston Parish family at sites in Texas
and Louisiana. The superior performance of the ACP family was attributed to its larger
crown and greater biomass allocation to foliage which allowed it to support a greater leaf
area for carbon assimilation. A follow-up study by Chmura and Tjoelker (2008)
confirmed that the ACP family had greater light interception than the Livingston Parish
family. Light interception and tree growth were strongly correlated. ACP trees had
greater specific leaf area in their lower crown, which is thought to be a morphological
adaptation to increase light interception. When comparing fast-growing and slowgrowing loblolly pine families, McGarvey et al. (2004) found that light-saturated net
photosynthesis (Pner) was not different between the families at the leaf-level, but fastgrowing families had greater whole-tree Pnet by supporting more leaf area. Yang et al.
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(2002) compared ACP and WGR provenances and also did not find that leaf-level
photosynthesis explained growth differences. These studies suggest that variation in
family performance is caused by superior crown architecture and biomass allocation
instead of leaf-level variation.
2.2.3

Genetic Variation and Drought Resistance
Studies have not yet fully quantified morphological and physiological traits that

explain differences in drought resistance among loblolly pine provenances. An early
study by Bongarten and Teskey (1986) compared the water relations of seedlings from
coastal (NC, FL, and LA) and interior (AR, TX, and GA) regions. They found variation
in stomatal conductance and hydraulic conductance between seed sources in moist soil,
but no variation in their dry soil treatment. Interior seed sources had greater leaf
conductance and hydraulic conductance than coastal seed sources in moist soil, though
variation was overall minor. Stomatal responses to vapor pressure deficits (VPD) were
also similar for coastal and interior seed sources. Gonzalez-Benecke and Martin (2010)
found different results where under dry conditions, the South Carolina seed source had
greater stomatal regulation to VPD than the Florida seed source. The authors suggested
that this may be due to the Florida seed source being from a region with greater summer
rainfall and lower summer moisture deficits. Different priorities in biomass partitioning
may be one explanation for differences in drought resistance. Barnes (2002) found that
Arkansas saplings maintained a greater water balance than eastern seed sources by
investing in deeper roots, though it had lower total biomass. Another study found that
loblolly families with slower growth rates increased their root biomass investment during
drought while high growth rate families maintained normal biomass partitioning patterns
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(Bulfe and Fernández 2016). Loblolly pine seedling response to drought does seem to
vary by provenance. Bongarten and Teskey (1987) found that most seed sources
sacrificed stem biomass for root biomass in response to drought, but coastal Louisiana
and Florida seed sources also reduced leaf biomass allocation. Bulfe and Fernández
(2016) found that droughted seedlings from all families responded by reducing stem and
leaf biomass allocation in favor of roots.
Variation in drought resistance may also relate to different carbon partitioning
patterns. While Yang et al. (2002) did not find photosynthetic differences between ACP
and WGR families, WGR families partitioned more carbon towards starches for storage
during the growing season. Retzlaff et al. (2001) also found that western provenance trees
partitioned more carbohydrates to starch than ACP trees. This greater carbon storage may
reduce carbon starvation risks during extreme drought, but more storage allocation would
reduce carbon available for growth. Teskey and Will (1999) found that the Texas seed
source had greater respiration rates (and carbon losses) than the Maryland and Arkansas
seed sources, though total biomass was not significantly different. Photosynthesis
differences were not detected between seed sources, and each of them acclimated to high
temperature equally despite their native climate differences. Loblolly pine clearly has
genetic effects that influence whole-tree carbon balance. Understanding these genetic
interactions has the potential to increase volume yields and drought resistance, but
whether those two characteristics can be maximized simultaneously remains to be seen.
Future plantations can utilize drought resistant seedlings to mitigate drought, but current
plantations will need to utilize other methods for drought mitigation.
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2.3
2.3.1

Silviculture

Stand Density Management
Stand density management is utilized by foresters to allocate site resources to the

best performing trees and avoid age related growth declines (Jokela et al. 2004). In the
absence of stand density management, canopy closure will occur which increases
intraspecific competition and self-thinning mortality (Zeide 1985; Zeide 2005).
Compared to the Atlantic Coastal Plains (ACP), the Western Gulf Region (WGR) is
characterized with lower plantation productivity (Vanderschaaf and Prisley 2006) and
lower carrying capacity (Amateis et al. 2006; Hasenauer et al. 1994) which makes stand
density management particularly important. The primary means of stand density
management is thinning to cull poor-performing sub-dominant trees, leading to a lower
plantation density and a more open canopy (Jokela et al. 2004). Greater canopy gaps from
thinning increase light penetration and interception to lower branch foliage (Tang et al.
2003; Yu et al. 2003). This greater light interception can modify canopy architecture,
allowing for a larger canopy and increased photosynthetic surface area (McCrady and
Jokela 1998; Ginn et al. 1991; Peterson et al. 1997; Tang et al. 2003). Yu et al. (2003)
found that thinned plots had larger live crown lengths and were able to maintain more
branches and whorls than non-thinned plots. Several studies also observed that thinning
increases canopy leaf area (Mcdowell et al 2006; Peterson et al. 1997; Gavazzi et al.
2016), which is highly correlated with productivity and tree growth (McCrady and Jokela
1998; Tang et al. 2003). Thinning is also observed to increase root growth in loblolly
pine stands; this even occurred during periods of high water deficit (Sword-Sayer et al.
2004). Sword-Sayer et al. (2004) related the greater root growth to increased light
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availability. Donner and Running (1986) suggested another benefit of thinning is reduced
root competition. Research clearly demonstrates that thinning increases plantation growth
and productivity, but it is also speculated that thinning could increase stand water
availability.
2.3.2

Thinning and Forest Hydrology
Climate change has the potential to reduce precipitation and cause droughty

conditions to become more common (Ficklin and Novick 2017; Sun et al. 2015).
Plantation density reductions through thinning is theorized as one method to increase soil
water availability and reduce plantation water stress (Allen et al. 1990; Grant et al. 2013).
Soil water availability is determined by the difference between water loss
(evapotranspiration) and water additions (precipitation) (Stogsdill et al. 1989). Density
management can act on both of these processes by decreasing canopy rainfall interception
(McCarthy et al. 1991; Stogsdill et al. 1989) and reducing the number of transpiring trees
(Donner and Running 1986; Stogsdill et al. 1992). Canopy interception of precipitation
reduces the amount of water that reaches the soil and leads to water loss through
evapotranspiration (Gavazzi et al. 2016). Thinning reduces stand leaf area and stem
number, which decreases canopy interception (Stogsdill et al. 1989; Gavazzi et al. 2016)
and increases soil water content (Cregg et al. 1990; Stogsdill et al. 1992). Sun et al.
(2015) modeled the effect of thinning on forest water supply in relation to projected
climate change models. Their results found that reducing forest leaf area can increase
water yields by 7% - 30%, which could mitigate elevated drought stress under some
climate change scenarios (Sun et al. 2015). Another way thinning has been reported to
improve water relations is by decreasing stand-level evapotranspiration. Dore et al.
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(2012) observed that thinned ponderosa pine stands had greater soil water content after
thinning due to the lower evapotranspiration of the thinned stand. They suggested that the
greater water balance in thinned stands allowed them to maintain positive carbon
balances while control stands had limited carbon uptake and negative carbon balances
due to water stress (Dore et al. 2012). Liu et al. (2018) examined the effect of thinning on
evapotranspiration in a loblolly pine plantation and observed that a 50% thinning
intensity only marginally reduced stand evapotranspiration. While their results may seem
to contradict the idea that thinning improves site water balance, it is important to note that
the post-thinning stand had significantly lower tree density but near equivalent stand
evapotranspiration rate. Residual trees will respond to greater water availability from
thinning by increasing their water-use and evapotranspiration (Boggs et al. 2015).
Because tree evapotranspiration and photosynthesis rates are together linked to a tree’s
water balance (Tang et al. 2004), residual loblolly pine in the Liu et al. (2018) study most
likely exhibited increased photosynthesis and improved water relations. Other studies
have also observed greater evapotranspiration and photosynthesis in loblolly pine stands
after thinning (Cregg et al. 1990; Tang et al. 1999; Tang et al. 2003). These greater
whole-tree gas exchange rates and carbon gain after thinning likely explain the greater
growth observed in residual stands (Bose et al. 2018; McDowell et al. 2006; Peterson et
al. 1997). While thinning may not always increase soil water content, the lower tree
density will decrease competition for soil moisture and facilitate superior growth. There
is significant evidence that thinning improves tree water relations, but how drought
interacts with this process is complex.
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2.3.3

Thinning and Drought Stress
The Southeast experienced an extreme drought in 2011 (NOAA 2011), and Texas

in particular had a record setting drought of unprecedented intensity (Nelsen et al. 2012).
Klockow et al. (2020) examined loblolly pine mortality patterns in Texas from the 2011
drought. They found that planted loblolly pine plantations had significantly lower
mortality than natural stands. Stand density also played a strong role in exacerbating
drought mortality (Klockow et al. 2020). Drought mortality was greatest in young and
very old trees, but trees of merchantable DBH (15 – 35 cm) had relatively low mortality
(Klockow et al. 2020). Experimental studies that manipulated stand density and examined
drought responses are rare in loblolly pine, but there are several useful studies in other
pine species. McDowell et al. (2006) examined long-term effects of thinning on
ponderosa pine (Pinus ponderosa) growth during drought by using basal area increment
data and carbon isotope analysis. They found that thinning increased soil water
availability, which allowed trees to maintain photosynthesis during drought (McDowell
et al. 2006). Carbon isotope data indicated that thinned plots experienced lower water
stress even 5 – 12 years after thinning (McDowell et al. 2006). From the 40 years of basal
area increment data, low density treatments maintained greater absolute growth rates than
non-thinned treatments during drought (McDowell et al. 2006). D’Amato et al. (2013)
found similar results from their BAI data during drought years in a red pine (Pinus
resinosa) experiment. Thinned plots maintained greater absolute basal area increment
growth during drought years compared to non-thinned stands (D’Amato et al. 2013). A
follow-up study from Bottero et al. (2017) examined drought and thinning interactions at
three sites of different aridity and in two pine species, ponderosa pine and red pine.
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Across each species and site, non-thinned high-density stands always had greater drought
vulnerability than thinned treatments (Bottero et al. 2017). This consistent result across
two species and several sites emphasizes the benefit of thinning on increasing drought
resistance in pine species. However, both McDowell et al. (2006) and D’Amato et al.
(2013) warn of some negative aspects of thinning. Thinning increases canopy leaf area,
which may cause greater drought sensitivity from their large evaporative surface area
(McDowell et al. 2006). D’Amato et al. (2013) found that thinning increased drought
resistance in their younger-aged stands (49 years), but when a drought occurred in olderaged stands (76 years) thinned plots had greater drought sensitivity than controls.
Loblolly pine silviculture typically occurs on a 30-year rotation cycle, which should
avoid any of these potential negative effects of old age. Thinning appears to be a
promising avenue for drought amelioration and more research is needed to verify its
effectiveness.

CHAPTER 3
METHODS

3.1

Location and Site Description

This study was conducted at the Louisiana State University Agricultural Center
Hill Farm Research Station in Homer, Claiborne Parish, Louisiana (32.749025 N,
−93.04111111 W). Prior to study establishment, a 50 year-old loblolly pine forest was
harvested, burned, and subsoiled (to 60 cm) in 2004 (Blazier et al. 2018). Rotary mowing
and sawing was conducted as needed to remove seedlings from the previous forest.
The soil at this site is dominated by two soil types: 1) Moderately well-drained
Sacul soil (fine, mixed, active, thermic Aquic Hapludults)), and 2) Well-drained Wolfpen
soil (loamy, siliceous, semi-active, thermic Arenic Paleudalfs)). The Sacul soil is
characterized as a very fine sandy loam with a shallow (23 cm) argillic horizon, while the
Wolfpen is described as a loamy fine sand with a deep (69 cm) argillic horizon (USDA
SCS 1989). Sacul soil series dominates the Western Coastal Plains with a broad extent
through Louisiana, Arkansas, and Texas. Wolfpen soil has a moderate extent through the
Southern Coastal Plains of Louisiana, Arkansas, and Texas. Site index was calculated
using the Coile and Schumacher (1953) method through the USDA Web Soil Survey.
The site indices for Sacul soils were rated 85 ft (on a 50-year basis), and Wolfpen soils
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were rated 90 ft (Web Soil Survey 2021).
Site climate was monitored through an on-site weather station. Climate data was
also utilized from a nearby National Oceanic and Atmospheric Administration (NOAA)
weather station (USC00164355) located 5.9 km from the study site. Data was accessed
online from the National Center for Environmental Information (NCEI 2021). Based on
the nearby weather station, the 30-year (1981 - 2010) mean annual precipitation is 142
cm and the 30-year annual mean temperature is 17° C. Precipitation is highly seasonal,
and the summer (June – August) typically experiences a water deficit with only 28.5 cm
of rain (NCEI 2021). Temperatures during the summer are hot, with a mean daily
temperature of 26° C (NCEI 2021).
3.2

Genotypes

A loblolly pine plantation was established in 2004 with containerized seedlings in
0.08 ha plots at a spacing of 1.8 m x 4.9 m (Blazier et al. 2018). Three planted genotypes
were used in this study: 1) a local open-pollinated Louisiana genotype (LA), 2) a
commonly planted open-pollinated genetically-improved North Carolina Coastal Plain
genotype (756), 3) a clonally propagated variety based on a robust 756 individual (93).
The LA genotype was provided by the Louisiana Department of Agriculture and
Forestry. It was utilized due to its origin near the research station and because it was
commonly recommended to local landowners with similar soil conditions (Michael
Blazier, Professor, LSU AgCenter, personal communication). The 756 genotype is
widely utilized across the southeastern United States and has been planted in the Western
Gulf Region for the past 3 decades. Both the 756 and the 93 genotypes are characterized
with compact crowns and fast growth rates (Blazier et al. 2018). The North Carolina
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Coastal Plain experiences similar climate to North Louisiana, but there are strong
seasonal differences (Eckert et al. 2010). North Louisiana experiences a dry summer
where water deficits are common, while the North Carolina Coastal Plain has a wetter
summer where water deficits are rarer (Eckert et al. 2010).
Height measurements were recorded periodically from 2006 to 2016. By 2010 the
North Carolina genotypes had surpassed the local Louisiana genotype in growth (Blazier
et al. 2018). As of 2016, the 93 genotype had surpassed the 756 with both being taller
than the LA (unpublished data). The eastern genotypes maintained their greater growth
rates despite significant droughts in the Southeast during this period.
3.3

Experimental Design

To understand loblolly pine drought responses, drought was simulated on three
genotypes at two tree density levels. A full factorial design was utilized with each of the
three genotypes and the two treatments (drought/non-drought and thinned/non-thinned)
replicated in every possible combination three times for a total of 36 experimental units
(EU). Blocking was utilized to control for soil type with each EU fully replicated on: 1)
well-drained Wolfpen soil with a deep clay hardpan, 2) moderately well-drained Sacul
soil with a shallow clay hardpan, and 3) a gradient between the two soil types. Each EU
was composed of two to four trees (based on density level) of the same genotypes.
Thinning was conducted in early 2018 to give trees a full growing season before the
drought treatment was implemented. Thinned plots had two of their four trees removed,
as well as half the trees in a 15 m radius. Final density measurements for thinned EU was
561 trees ha-1 compared to 1122 trees ha-1 for non-thinned EU.
Beginning in late fall of 2018, EU plot perimeters were excavated 1 m deep with
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a ride-on trencher (Ditch Witch RT45, Shreveport, LA, USA). Trench corners were
manually dug out with shovels and post-hole diggers when required. Final trench
dimensions were 4.8m x 7.8m x 1m (WxLxD). Plastic lining of the same dimensions was
inserted into each trench to stop lateral water flow into the plots. Each EU was trenched
and lined with plastic regardless of treatment. This was done to remove the possibility of
the trenching itself impacting the comparison between drought and non-drought plots.
Drought was simulated by constructing throughfall exclusion shelters which prevented
ambient precipitation in drought plots (Figure 3-1). Throughfall exclusion shelters were
constructed with a wooden frame that had plastic tightly bound around it. Each EU had
half of the throughfall exclusion shelter on the east and west sides of the plot. To stop
throughfall between the paired shelters, we staked tarps at the base of each shelter so that
the tarps extended from one shelter to the other. Plastic was wrapped around the base of
the trees to stop any throughfall that would drip down the tree bole. Throughfall
exclusion shelters construction began in the spring of 2020 and was completed before the
end of spring. Throughfall tarps were added in early May 2020. Full throughfall
exclusion was initiated on June 5th 2020. Volumetric soil moisture content of drought
and non-drought plots were periodically measured to the 30 cm depth with a Hydrosense
II (Campbell Scientific, Logan, Utah, USA).
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Figure 3-1: Throughfall exclusion shelters were built around each drought plot.

3.3.1

Leaf-Level Gas Exchange
Plants are very sensitive to water availability and will adjust their photosynthesis

rates to soil water content. We can detect plant stress by measuring gas exchange rates.
The LiCor 6400XT portable photosynthesis machine (LiCor Inc., Lincoln, NE, USA)
provides plant leaves with an environmentally controlled chamber. By comparing the
CO2 levels coming into the chamber and leaving the chamber, photosynthesis rates are
estimated. Plants use photosynthesis to assimilate atmospheric CO2 into carbohydrates,
while respiration is used to break down carbohydrates for use in growth and maintenance
(Ryan et al. 1994). As drought sets in and water deficit occurs, gas exchange should drop
accordingly. A healthy plant will have high rates of gas exchange while a droughtstressed plant will have low gas exchange rates.
Gas exchange measurements were conducted seasonally (with an emphasis on
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summer) to understand the seasonal variations of photosynthesis (Figure 3-2). Branches
were destructively measured for photosynthesis measurements. Each plot was composed
of at least one measurement tree and one non-measurement tree. We used shotguns
(Winchester 12-guage with 6 shot shells) to detach limbs from the measurement trees.
Branch ends were covered with Parafilm (Bemis Company Inc., Neenah, WI, USA) to
reduce water loss. A LiCor 6400XT portable photosynthesis system was used for all gas
exchange measurements of photosynthesis and stomatal conductance (gs; mmol·m−2·s−1).
The LiCor was equipped with a 6-cm2 cuvette and utilized a blue-red LED light source.
The number of needle flushes on each detached branch varied with season. Both old and
new foliage were measured simultaneously when fully elongated. During each
measurement day, the same LiCor machine was used to measure all new and old needles
within a block. Each measurement was conducted on two needle fascicles from the first
fully elongated flush of each year. Needle diameter and number of needles per fascicle
were recorded to properly correlate photosynthesis rates with leaf area. During gas
exchange measurements, a towel was placed over the branch to cause non-measurement
foliage to go dormant. For the gas exchange analysis, nine levels of light intensity were
used. Our photosynthetic photon flux density (PPFD) levels were 2000, 1500, 1000, 800,
600, 400, 200, 100, 0 µmol·m−2·s−1. These values were selected to simulate full sunlight
for light reactions and then steadily decrease to zero for dark reactions. Chamber
humidity was not scrubbed and was allowed to vary with the day’s weather. Block
temperature for the leaf chamber was set to the day’s midday ambient temperatures. Our
CO2 level was 405 ppm and the air flow was 300. Desiccant and soda lime were changed
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as the reagents were consumed. Desiccant removed moisture and soda lime removes CO2
from incoming air to control the environmental conditions of the LiCor chamber.
Prior to data analysis, photosynthesis measurements were adjusted with the leaf
area per fascicle which was calculated through the method by Bingham (1983).
𝐴 = 2𝑅𝐿 (𝑁 + 𝜋)

Eq. 3-1

Where A is needle fascicle area (cm2), R is fascicle radius (cm), L is the needle
length, and N is the number of needles per fascicle. Because we used a 3x2 cm blue red
LED light source (LiCor, Inc., Lincoln, NE, USA) our needle length always equaled 3.
Photosynthetic light response variables were derived from the curve fitting
software of Lobo et al. (2013). All nine curve fitting equations outlined in Lobo et al.
(2013) were evaluated using the data from this study. In accordance with
recommendations from the author, the model with the lowest sum of squares error was
selected. This model was the rectangular hyperbola Michaelis-Menten based model
(Kaipiainen 2009).
𝑃𝑛𝑒𝑡 =

𝐼 × 𝑃𝑔𝑚𝑎𝑥
− 𝑅𝑑
𝐼 + 𝐼(50)

Eq. 3-2

Where Pnet is light saturated net photosynthesis [µmol(CO2) m–2 s–1], I is light
intensity in PPFD (photosynthetic photon flux density) [µmol (photon) m–2 s–1], Pgmax is
maximum gross photosynthesis [µmol(CO2) m–2 s–1], I(50) is the light intensity where Pnet
is 50% of Pgmax, and Rd is dark respiration [µmol(CO2) m–2 s–1]. These light response
variables were calculated from the curve fitting software and compared between
treatments. The variable Rd:Pgmax (the ratio of dark respiration to gross photosynthesis)
was created by dividing Rd by Pgmax.
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Gas exchange measurements occurred eight times over the two year study. During
this time, three flushes were characterized and recorded. Flush 2018 was measured a
single time during the summer of 2019 prior to needle senescence. Flush 2019 was
measured five times over its full lifespan from bud burst in spring 2019 to senescence in
fall 2020. Flush 2020 was measured four times before gas exchange measurements
ceased at the end of 2020. F18 represents pre-drought effects, F19 developed prior to
drought simulation, and F20 matured during drought simulation (Figure 3-2). Data was
checked for machine or human errors prior to data analysis. Out of the 396 gas exchange
measurements, only nine were removed due to machine or human errors.
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Spring 2019

Summer 2019

Fall 2019

Winter 2019 - 2020

Spring 2020

Summer 2020

Fall 2020

Winter 2020 - 2021 Spring 2021

FLUSH 2018

FLUSH 2019
March 2020
November 2019
May 2020
Summer 2019
FLUSH 2020
November 2020
Drought Treatment Initiated
September 2020
June 2020

August 2020

Figure 3-2: Timeline of the study indicating flush phenology, measurement months, and drought initiation. Flush year designates
the year it developed in. Flushes crossed by measurement month lines indicate that the flush was measured during that period (i.e.
Flush 2019 was measured in May 2020, but flush 2020 was not).
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3.3.2

Data Analysis
Data analysis was conducted with SAS (SAS Institute, Inc., Cary, NC) using a

generalized linear mixed model (PROC GLIMMIX) to compare light response variables
and stomatal conductance between treatments. The mixed model incorporated thinning,
drought, and genotype as fixed effects and block as a random effect. Plot soil hydrology
was utilized as a covariate. The default optimization algorithm, Quasi-Newton
Optimization (QUANEW), was forgone in favor of the Double-Dogleg optimization
(DBLDOG) because QUANEW failed to converge during some analysis steps.
Denominator degrees of freedom for fixed effects were calculated through the
Satterthwaite technique.
Each foliage flush was analyzed separately because physiology and phenology
varies between needle generations. Flush 2019 and Flush 2020 both were analyzed using
a repeated measures analysis of variance (ANOVA) test. Flush 2018 represents predrought effects and was only measured during a single period. As such, F18 was analyzed
with a 2-way ANOVA mixed model that did not incorporate drought or date. Fixed
effects were considered statistically significant at α = 0.10. Significant main effects from
GLIMMIX were further analyzed with Fisher’s F-protected least significant difference
(LSD) means separations test by the LINES option of the LSMEANS statement.
Significant interactions discovered by GLIMMIX were additionally analyzed with
Fisher’s F-protected least significant difference (LSD) means separations test with the
SLICEBY and LINES procedures. To verify ANOVA assumptions of equal variance
between treatments, the COVTEST statement was utilized to carry out a restricted
likelihood test of homogeneity of variance for each fixed effect. When significant
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heterogeneity was detected in a variable, the model was adjusted with a
RANDOM_RESIDUAL statement to account for additional error in the iteration process.
3.4

Dinotefuran Evaluation on Photosynthesis

The main study of this project is subjecting loblolly pine trees to extreme drought,
which can attract pathogens such as bark beetles (Ips spp.). The systemic insecticide
dinotefuran (Safari 20SG systemic insecticide, Valent USA) was utilized as a secondary
line of defense to discourage bark beetle damage. This insecticide was suggested because
of its use in a local loblolly pine nursery (Michael Blazier, Professor, LSU AgCenter,
personal communication). Previously, no published studies to our knowledge had tested
the effect of dinotefuran on pine photosynthesis. Physiology measurements require the
precise measurement of photosynthesis, thus a pilot study was conducted to evaluate the
effect of dinotefuran on photosynthesis prior to application on the main study.
This pilot study was conducted within the same mid-rotation loblolly pine stand.
The same three genotypes were utilized: 93, 756, and LA. Blocking was not utilized
because site factors (i.e. soil) were matched between all study trees. A completely
randomized factorial design was employed for this study where every combination of
genotype (LA, 756, and 93) and treatment (pesticide or control) was tested and replicated
four times for a total of 24 trees. Trees were selected to have negligible differences in tree
dimensions but some height variation existed between genotypes (Blazier et al. 2018).
Average tree DBH was 21.1 cm (σ = 0.8 cm) and average height was 18.3 m (σ = 1.4 m).
Safari systemic insecticide was applied June 11th, 2019 to pesticide treatments. Safari
solution was mixed at a ratio of 94 ml Safari: 1 L water. Each of the 12 pesticide
treatment trees had their boles sprayed and received 502 ml of Safari solution per tree (18
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g active Safari per cm of trunk). An ATV mounted sprayer was used to apply Safari
solution to the lower 3ft of tree boles. Each side of the tree was soaked with solution to
ensure pesticide uptake. Safari application occurred during a dry weather period.
3.4.1

Pesticide Leaf-Level Gas Exchange
Destructive measurements were conducted to acquire branches for photosynthesis

measurements. Branches were immediately retrieved after excision and the damaged end
was wrapped with Parafilm (Bemis Company Inc., Neenah, WI, USA) to reduce water
loss. Branches were placed on a table under a canopy and a towel was used to cause nonmeasurement foliage to go dormant. Photosynthesis of two needles were measured with a
LiCor 6400 (LiCor Inc., Lincoln, NE, USA). The photosynthetic photon flux density
(PPFD) for the 9 light levels were 2000, 1500, 1000, 800, 600, 400, 200, 100, 0
µmol·m−2·s−1. These light levels were selected to create an asymptotic light curve that
simulated both high and low light levels. 2000 and 1500 were both at saturating light
level to find the upper bound of carbon assimilation rates. Light levels slowly declined to
0 to find the dark respiration rate. Humidity was maintained at ambient levels but reduced
if it reached above 70. CO2 was set to 405 ppm. Flow was maintained at 300 to detect
precise differences in plant responses. Reagents such as desiccant and soda lime were
replaced as they were consumed. Measurements took place over two consecutive sunny
days in August 2019. Only the first flush of prior-year foliage was measured. After a light
curve was completed, needle foliage was detached and measured with calipers. Fascicle
needle area was calculated with the method from Bingham (1983).
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3.4.2

Pesticide Data Analysis
Statistical analysis was conducted in SAS (SAS Institute Inc., Cary, NC) using

PROC GLM to create a general linear model. Light response variables were derived from
the same Lobo et al. (2013) curve fitting software. Pgmax, Pnet, and Rd were all compared
between treatments and genotypes. Analysis of variance was used to detect
photosynthetic differences between pesticide and genotype treatments. Pesticide and
genotype were both incorporated as fixed effects. No random effects were included in the
model. Treatment effects were considered significant at α = 0.10. Significant main effects
and interactions were analyzed with LSMEANS.

CHAPTER 4
RESULTS

4.1

Site Weather

The 30-year (1981-2010) average annual precipitation for this site is 142 cm
(NCEI 2021). Both years of the study (2019-2010) had above average annual
precipitation and temperature relative to the 30-year mean (Figure 4-1) (NCEI 2021).
Compared to the 30-year average, 2019 exhibited 15% greater annual precipitation (170
cm), while 2020 had 35% greater annual precipitation (192 cm). An uncharacteristically
wet June occurred in 2019 where monthly precipitation was 29 cm, 249% greater than
average. July and August 2019 were 28% and 43% drier than average, respectively.
Summer 2019 (June – August) was overall 41% wetter than average, but this was entirely
due to the very wet June. Summer is normally the driest season for this region (Eckert
2010; NCEI 2021), but 2020 also experienced a wet summer. Seasonal precipitation
during the summer of 2020 was 43 cm, 53% greater than average. Hurricane Laura
passed over Homer, Louisiana on August 27th 2020. The storm dumped 10.2 cm of rain
over the site, which is equivalent to 145% of the typical precipitation during the month of
August. Both 2019 and 2020 experienced a dry autumn where precipitation was 31% and
24% drier than the 30-year mean, respectively.
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Every season had greater mean temperature than average, but the summer season
was closest to the 30-year mean (Figure 4-1). The largest deviation occurred in
September 2019, where the average temperature was 4.5° C greater than the 30-year
mean. During the unusually arid autumn months, temperatures were 1.5° C greater in
2019 and 0.82° C greater in 2020.
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Figure 4-1: Site monthly temperature, precipitation, and 30-year averages of
temperature and precipitation. Asterisk (*) signify months where gas exchange
measurements occurred. Vertical dotted line indicates transition from 2019 2020
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4.2

Pesticide Evaluation

The effect of dinotefuran (Safari 20SG systemic insecticide) on loblolly pine
photosynthesis was compared among LA, 756, and 93 genotypes. The fixed effects of
pesticide (dinotefuran) or genotype had no significant main effect on maximum gross
photosynthesis (Pgmax), light-saturated net photosynthesis (Pnet), or dark respiration (Rd)
(P> 0.10) (Table 4-1). No significant interaction between pesticide and genotype was
detected.
Table 4-1: Results of the pesticide statistical analysis (ANOVA F-Tests). P-values and
degrees of freedom (parentheses) are displayed below. Fixed effects were considered
significant at α ≤ 0.10
Fixed Effects

Pgmax

Pnet

Rd

Genotype

0.2012 (2)

0.2221 (2)

0.2052 (2)

Pesticide

0.8858 (1)

0.9928 (1)

0.5592 (1)

Genotype x
Pesticide

0.6421 (2)

0.7313 (2)

0.5385 (2)

Table 4-2: Mean values of pesticide and control maximum gross photosynthesis (Pgmax),
light-saturated net photosynthesis (Pnet), and dark respiration (Rd) with standard error in
parentheses.
Pgmax

Pnet

Rd

Pesticide

9.15 (0.78)

7.08 (0.61)

0.56 (0.06)

Control

8.99 (0.78)

7.08 (0.61)

0.51 (0.06)
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4.3

Throughfall Exclusion Effectiveness

Throughfall exclusion shelters demonstrated a strong ability to reduce soil
moisture after sufficient time had occurred (Figure 4-2). June 16th represents eleven days
after throughfall exclusion shelters were fully implemented on June 5th. Noteworthy
differences in average soil moisture did not occur until early August. A large increase in
soil moisture was observed in non-drought plots on August 27th after hurricane Laura
passed over north Louisiana as a category one. Despite the high wind speeds and extreme
precipitation during the storm, throughfall exclusion shelters demonstrated their
effectiveness by preventing soil moisture replenishment in drought treatments.

Figure 4-2: Volumetric Soil Water Content (0 - 30 cm) of drought and nondrought plots following drought initiation on June 5th 2020.
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4.4

Photosynthesis

Strong seasonal leaf-level variation was observed in maximum gross
photosynthesis (Pgmax) and light-saturated net photosynthesis (Pnet) for the F19 (P<0.01)
and F20 flushes (P<0.01). For F19, Pgmax and Pnet values were greatest in summer 2019
and lowest in the months immediately before needle senescence in the fall of 2020
(Figure 4-3). F20 exhibited a similar trend where values peaked during the warm
summer before declining in subsequent months (Figure 4-4). Regardless of season, Pgmax
was always greater than Pnet and the two variables often mirrored each other. No date
effects were observed in F18 because that flush was only measured for one period.
Genotypic variation was detected in photosynthetic parameters for the F18 and
F19 flushes, but not for F20. In the F18 flush (Figure 4-5), 756 and LA both had
significantly greater Pgmax than 93 (P=0.09). This same trend was also detected in F19
where LA had significantly greater Pgmax than 93, while 756 was not significantly
different from either genotype (P=0.08) (Figure 4-6). No significant genotypic
differences were detected for Pgmax in F20 (P >0.10) (Figure 4-7). LA did have greater
mean gross photosynthesis than 93, but this effect was not significantly different.
Genotypic variation was weaker in Pnet with no significant differences detected in any
flush, but results did resemble Pgmax. In F19, a marginally nonsignificant trend was
detected where LA exhibited greater average Pnet than 93 (P=0.11) (Figure 4-9). LA also
had greater average Pnet than 93 in F18 (P > 0.10) and F20 (P > 0.10), but none of these
effects were statistically significant.
No significant drought effects were observed for photosynthetic variables (Table
4-3). In the F20 flush, there was a marginally nonsignificant trend (P=0.12) for drought
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plots to exhibit lower Pgmax than non-drought plots (Figure 4-8). This same trend was
observed in F20 Pnmax, but it was also nonsignificant (P>0.10). No significant main effect
of thinning, nor interactions with thinning, were observed for any photosynthetic
variables (Table 4-3).
Table 4-3: Statistical analysis (ANOVA F-Tests) test of fixed effects of maximum gross
photosynthesis (Pgmax) and light-saturated net photosynthesis (Pnet) in F20, F19, and F18
foliage.
F20
Fixed Effects

df

F19
P

df

F18
P

df

P

2 0.3014
1 0.9383
1 0.1184
3 <0.0001
6 0.5756
3 0.4767
1 0.8202
2 0.6851

2 0.0862
1 0.6963
1 0.5808
5 <0.0001
10 0.4070
5 0.4539
1 0.7697
2 0.5084

2
1
.
.
.
.
.
.

0.0926
0.8934
.
.
.
.
.
.

2 0.1956
1 0.7770
1 0.1673
3 <0.0001
6 0.5084
3 0.5574
1 0.7678
2 0.6068

2 0.1059
1 0.5428
1 0.6186
5 <0.0001
10 0.4968
5 0.3941
1 0.8390
2 0.5959

2
1
.
.
.
.
.
.

0.2445
0.6513
.
.
.
.
.
.

Pgmax
Genotype
Thin
Drought
Date
Genotype x Date
Drought x Date
Thin x Drought
Genotype x Thin x Drought

Pnet
Genotype
Thin
Drought
Date
Genotype x Date
Drought x Date
Thin x Drought
Genotype x Thin x Drought

Degrees of freedom (df) and probability of a greater F (P) are provided for each variable
and flush. F20 and F19 foliage were measured over multiple dates and analyzed with a
repeated measures ANOVA. F18 developed prior to drought initiation, and values only
represent a single measurement period. Periods (.) indicate that drought and date effects
were not analyzed in F18. Significant P values (α ≤ 0.10) are bolded while marginally
nonsignificant values are italicized.
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Figure 4-3: F19 seasonal trends in maximum gross photosynthesis (Pgmax) and
light-saturated net photosynthesis (Pnet). For each parameter, different letters
indicate significant differences among months as determined by Fisher’s
protected least significant difference test (LSD) (P<0.10).
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Figure 4-4: F20 seasonal trends in maximum gross photosynthesis (Pgmax) and
light-saturated net photosynthesis (Pnet). For each parameter, different letters
indicate significant differences among months as determined by Fisher’s
protected least significant difference test (LSD) (P<0.10).
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Figure 4-5: F18 mean maximum gross
photosynthesis (Pgmax) and light-saturated net
photosynthesis (Pnet) values compared between
genotypes. For each parameter, different letters
indicate significant differences among genotypes as
determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).

Figure 4-6: F19 mean maximum gross
photosynthesis (Pgmax) and light-saturated net
photosynthesis (Pnet) values compared between
genotypes. For each parameter, different letters
indicate significant differences among genotypes as
determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).

Figure 4-7: F20 mean maximum gross
photosynthesis (Pgmax) and light-saturated net
photosynthesis (Pnet) values compared between
genotypes. For each parameter, different letters
indicate significant differences among genotypes as
determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).
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Figure 4-8: Comparison of maximum gross photosynthesis (Pgmax) and lightsaturated net photosynthesis (Pnet) between drought and non-drought treatments in
the F20 flush. For each parameter, different letters indicate significant differences
between treatments as determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).

4.5

Dark Respiration

Dark respiration (Rd) and the ratio of dark respiration to maximum gross
photosynthesis (Rd:Pgmax) both exhibited significant seasonal trends in F19 (P<0.01) and
F20 (P<0.01) (Table 4-4). The largest dark respiration values were recorded during the
summer for both F19 and F20. For F19, the measurement periods of summer 2019 and
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June 2020 had significantly greater Rd than other dates (Figure 4-9). June 2020 had the
greatest Rd rates for the F20 flush (Figure 4-10). Rd:Pgmax exhibited a similar trend to Rd.
Values were greatest during the summer than other months, with both the F19 (Figure
4-9) and F20 flushes (Figure 4-10) exhibiting the greatest Rd:Pgmax ratio during June
2020.
Significant genotypic differences were observed in both Rd and Rd:Pgmax. In F18,
756 and LA exhibited significantly greater Rd rates than 93 (P=0.05) (Figure 4-11). A
different trend was observed in F20, where 93 had greater Rd than LA and 756 was
intermediate (P=0.01) (Figure 4-13). No significant differences were detected in the F19
flush (P>0.1) (Figure 4-12). Significant differences in the Rd:Pgmax ratio were only
observed in F20. Compared to the other genotypes, 93 had significantly greater dark
respiration relative to Pgmax (Rd:Pgmax) (P<0.01) (Figure 4-13). Neither F18 (P>0.01) nor
F19 (P>0.01) exhibited significant genotypic differences in Rd:Pgmax.
No significant drought effects were observed in dark respiration (Table 4-4). F20
dark respiration displayed a nonsignificant trend for drought plots to exhibit lower
average Rd than non-drought plots (Figure 4-14).
Thinning effects were stronger in dark respiration than in photosynthesis, but no
significant main effects of thinning were detected. Both F18 and F19 exhibited a
nonsignificant trend (P >0.10) for mean dark respiration to be greater in thinned plots
than non-thinned plots (Figure 4-16). A significant three-way dark respiration interaction
was observed in F20 for Genotype × Thin × Date (P=0.06) (Figure 4-15). The dark
respiration of 756 and 93 genotypes varied significantly between thinning treatments
while no differences were detected in LA. In September 2020 and November 2020, non-
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thinned 756 plots had significantly greater dark respiration than thinned plots. For 93,
thinned plots had significantly greater dark respiration than thinned plots during the
month of September 2020. No thinning effects were detected in LA.
Table 4-4: Statistical analysis (ANOVA F-Tests) test of fixed effects of dark respiration
(Rd) and the ratio of dark respiration to gross photosynthesis (Rd:Pgmax) in F20, F19, and
F18 foliage.
F20
F19
F18
Fixed Effects
df
P
df
P
df
P
Rd
Genotype
2 0.0146
2 0.7080
2 0.0516
Thin
1 0.8781
1 0.1718
1 0.1637
Drought
1 0.1763
1 0.9225
.
.
Date
3 <0.0001
5 <0.0001
.
.
Genotype x Date
6 0.7997
10 0.1745
.
.
Drought x Date
3 0.9652
5 0.3672
.
.
Thin x Drought
1 0.3452
1 0.1775
.
.
Genotype x Thin x Drought
2 0.3808
2 0.7555
.
.
Genotype x Thin x Date
6 0.0614
10 0.7472
.
.
Rd:Pgmax
Genotype
2 0.0072
2 0.3314
2 0.8603
Thin
1 0.9541
1 0.4125
1 0.4744
Drought
1 0.4760
1 0.9901
.
.
Date
3 <0.0001
5 <0.0001
.
.
Genotype x Date
6 0.9587
10 0.6213
.
.
Drought x Date
3 0.9685
5 0.7849
.
.
Thin x Drought
1 0.4132
1 0.2547
.
.
Genotype x Thin x Drought
2 0.4534
2 0.9780
.
.
Genotype x Thin x Date
6 0.4436
10 0.9688
.
.
Degrees of freedom (df) and probability of a greater F (P) are provided for each variable
and flush. F20 and F19 foliage were measured over multiple dates and analyzed with a
repeated measures ANOVA. F18 developed prior to drought initiation, and values only
represent a single measurement period. Periods (.) indicate that drought and date effects
were not analyzed in F18. Significant P values (α ≤ 0.10) are bolded while marginally
nonsignificant values are italicized.
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Figure 4-9: F19 seasonal trends in dark respiration (Rd) and the ratio of dark
respiration to gross photosynthesis (Rd:Pgmax). For each parameter, different
letters indicate significant differences among months as determined by Fisher’s
protected least significant difference test (LSD) (P<0.10).
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Figure 4-10: F20 seasonal trends in dark respiration (Rd) and the ratio of dark
respiration to gross photosynthesis (Rd:Pgmax). For each parameter, different letters
indicate significant differences among months as determined by Fisher’s protected
least significant difference test (LSD) (P<0.10).
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Figure 4-11: F18 mean dark respiration (Rd) and
the ratio of dark respiration to gross photosynthesis
(Rd:Pgmax) values compared between genotypes. For
each parameter, different letters indicate significant
differences among genotypes as determined by
Fisher’s protected least significant difference test
(LSD) (P<0.10).

Figure 4-12: F19 mean dark respiration (Rd) and
the ratio of dark respiration to gross photosynthesis
(Rd:Pgmax) values compared between genotypes. For
each parameter, different letters indicate significant
differences among genotypes as determined by
Fisher’s protected least significant difference test
(LSD) (P<0.10).

Figure 4-13: F20 mean dark respiration (Rd) and
the ratio of dark respiration to gross photosynthesis
(Rd:Pgmax) values compared between genotypes. For
each parameter, different letters indicate significant
differences among genotypes as determined by
Fisher’s protected least significant difference test
(LSD) (P<0.10).
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Figure 4-14: Comparison of F20 dark respiration (Rd) values between drought
and non-drought treatments. Different letters indicate significant differences
between drought treatments as determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).
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Figure 4-15: Three-way interaction of Genotype × Thin × Date for F20 dark
respiration (Rd). For each genotype and month, different letters indicate significant
differences between thinning treatments as determined by Fisher’s protected least
significant difference test (LSD) (P<0.10).
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Figure 4-16: Dark respiration compared between thinning treatments in the F18
and F19 flushes. For each flush, different letters indicate significant differences
between thinning treatments as determined by Fisher’s protected least significant
difference test (LSD) (P<0.10).

4.6

Stomatal Conductance

Stomatal conductance (gs) exhibited a strong seasonal trend in the F19 (P<0.01)
(Figure 4-17) and F20 (P<0.01) flushes (Figure 4-18). The foliage of both of those
flushes exhibited the greatest stomatal conductance during November and lower gs during
summer months. Significant main effects of genotype on gs were not detected in F18
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(P>0.1), F19 (P>0.1), or F20 (P>0.1) (Table 4-5). Neither the main effects of thinning
(P>0.1) or drought (P>0.1) had a significant effect on stomatal conductance in any flush.
A significant two-way interaction of Thin × Date (P<0.01) was detected in the F19 flush
where stomatal conductance varied between thinning treatments in November 2019 and
March 2020 (Figure 4-19). Finally, a significant 3-way interaction of Genotype × Thin ×
Drought (P=0.08) was detected in the F19 foliage (Figure 4-20). The non-thin/nondrought 756 treatment had significantly lower stomatal conductance than other treatment
combinations. No other differences were detected within the other genotype treatment
combinations.

Table 4-5: Statistical analysis (ANOVA F-Tests) test of fixed effects of stomatal
conductance (gs) in F20, F19, and F18 foliage.
F20
Fixed Effects
Genotype
Thin
Drought
Date
Genotype x Date
Thin x Date
Thin x Drought
Drought x Date
Genotype x Thin x Drought

df
P
2 0.6868
1
1
3
6
3
1
3
2

0.8511
0.5888
<0.0001
0.8655
0.8110
0.8490
0.6919
0.4575

F19
df
P
2 0.5225
1
1
5
10
5
1
5
2

0.4713
0.5974
<0.0001
0.9573
0.0029
0.6971
0.7849
0.0846

F18
df
P
2 0.9553
1 0.3388
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Degrees of freedom (df) and probability of a greater F (P) are provided for each variable
and flush. F20 and F19 foliage were measured over multiple dates and analyzed with a
repeated measures ANOVA. F18 developed prior to drought initiation, and values only
represent a single measurement period. Periods (.) indicate that drought and date effects
were not analyzed in F18. Significant P values (α ≤ 0.10) are bolded while marginally
nonsignificant values are italicized.
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Figure 4-17: F19 seasonal trends in stomatal conductance (gs). Different letters
indicate significant differences among months as determined by Fisher’s
protected least significant difference test (LSD) (P<0.10).

Figure 4-18: F20 seasonal trends in stomatal conductance (gs). Different letters
indicate significant differences among months as determined by Fisher’s
protected least significant difference test (LSD) (P<0.10).
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Figure 4-19: Two-way interaction of Thin × Date in F19 stomatal conductance.
For each month, different letters indicate significant differences among thinning
treatments as determined by Fisher’s protected least significant difference test
(LSD) (P<0.10).

Figure 4-20: Three-way interaction of Genotype × Thin × Drought in F19
stomatal conductance. For each genotype, different letters indicate significant
differences among treatment combinations as determined by Fisher’s protected
least significant difference test (LSD) (P<0.10).

CHAPTER 5
DISCUSSION

5.1

Pesticide Evaluation

Pesticides were utilized to protect this drought study from the outside influence of
bark beetle pathogens (Ips spp.). Bark beetles cause significant mortality pressure on
loblolly pine, and their presence was reported near Homer, Louisiana in recent years.
Following the 2011 extreme southeastern drought, more loblolly pine died from
subsequent outbreaks of bark beetles than the drought itself (Klockow et al. 2018). Tree
decline is often influenced by several factors rather than a single reason for poor
performance (Sinclair and Hudler 1988). Pine trees defend themselves from bark beetles
with resin flow and phenolic compounds, and both of these processes can be jeopardized
by drought (Huang et al. 2019; Schowalter 2012). To isolate our treatment effects on tree
stress to a single factor (drought), the effect of the systemic neonicotinoid insecticide
dinotefuran (Safari 20SG systemic insecticide, Valent USA) was evaluated.
Neonicotinoid insecticides have previously been reported to be phytotoxic (Çavuşoğlu et
al. 2011) and interfere with leaf-level photosynthesis (Todorenko et al. 2020). Some
commonly used loblolly pine bark beetle insecticides have been reported to damage wood
and be detrimental to plant tissue (Grosman and Upton 2006). Our pesticide analysis did
not detect any significant leaf-level photosynthetic differences between control and
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pesticide treatments (Table 4-1). This study also evaluated any genotype interactions
with dinotefuran, but no significant pesticide genotype interactions were detected.
Genotypic variation in insecticide sensitivity has previously been reported in other plants
(Todorenko et al. 2020). The results of this study does supports the null hypothesis that
dinotefuran does not interfere with leaf-level physiology. Following these results, the
insecticide was applied to all trees in the drought study.
5.2

Loblolly Pine Phenology

At this Western Gulf site in north central Louisiana, clear seasonal variation was
observed in photosynthetic parameters. Yang et al. (2002) documented seasonal
photosynthetic trends similar to our F19 results where photosynthesis was greatest during
the first summer after needle elongation and was at its lowest during the following
summer before needle senescence (Figure 4-3). This trend is consistent with other
research where photosynthetic activity of prior-year foliage declined during the second
growing season due to a transition from old to new foliage (Drew and Ledig 1981).
Seasonal variation in loblolly photosynthesis have been attributed to differences in light
intensity (Tang et al. 2003) and water availability (Ellsworth 2000). Ambient air
temperature is another environmental variable that can impact photosynthesis, but Tang
et al. (2003) suggested that seasonal differences in light intensity has a larger impact.
Samuelson et al. (2012) conducted temperature response curves on loblolly pine foliage
and did not observe a significant change in photosynthesis rates as temperature rose from
20° C to 40° C.
Dark respiration in both F19 and F20 flushes exhibited a strong peak during their
first summer before declining in later months (Figure 4-9, Figure 4-10). Drew and Ledig
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(1981) suggested that these high rates of respiration correspond with the needle
development of juvenile foliage as they become fully elongated. During the second
growing season, F19 foliage had the greatest rates of dark respiration in early summer,
which is a similar trend observed by Drew and Ledig (1981). Our Rd:Pgmax results
illustrate that respiration increases much more relative to gross photosynthesis in old
foliage towards the end of their lifespan. This decline in Pgmax relative to Rd may relate to
decreased light availability as new foliage becomes fully elongated and shades older
foliage (Boltz et al. 1986). Seasonal temperature variation does impact dark respiration
rates, but loblolly pine has a strong ability to acclimate to increasing temperatures
(Teskey and Will 1999). In their temperature experiment, biomass did not significantly
differ between seedlings grown at a constant temperature of 30° C and 25° C. Dark
respiration did increase with greater temperatures, but the similar biomass of those
seedlings suggest that the 30° C seedlings were able to compensate for the greater carbon
loss through other processes (Teskey and Will 1999). At our study site, average annual
summer temperatures were 26° C, which would permit sufficient temperature
acclimation.
A strong seasonal trend in stomatal conductance was observed, where
conductance was lowest during the summer and greatest during the late fall (Figure 4-17,
Figure 4-18). At this same plantation during a droughty year in 2010, Blazier et al.
(2018) observed lower stomatal conductance during the summer months compared to
spring. In a loblolly pine plantation in Florida, canopy-level stomatal conductance was
much greater in November than the summer months, which may reflect the lower vapor
pressure deficit of fall months (Wightman et al. 2016). Water availability, light intensity,
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and CO2 have been reported to have the largest impacts on stomatal conductance, while
the effect of temperature is much smaller (Teskey et al. 1986). Temperature response
curves in loblolly pine foliage did not find that stomatal conductance significantly
changed as temperatures were increased from 20° C to 40° C (Samuelson et al. 2012). In
this study, seasonal variation in stomatal conductance is likely related to seasonal
differences in light intensity and aridity.
5.3

Genotype Variation

Strong genotypic variation in leaf-level photosynthesis and respiration were
observed in this study, but clear provenance-level patterns were not detected. Previous
studies have reported little variation in photosynthesis (Blazier et al. 2004; Grissom and
McKeand 2001; Yang et al. 2002) or dark respiration (Teskey and Will 1999) between
loblolly pine provenances. Provenance-level photosynthetic differences were not clearly
visible in this study. The 93 genotype was clonally propagated from the root cuttings of a
756 tree. We would expect the strong genetic relation between 756 and 93 genotypes to
cause them to exhibit similar photosynthetic trends; however, both 756 and LA were
significantly different from 93 and exhibited the same F18 Pgmax (Figure 4-5), F18 Rd
(Figure 4-11), and F20 Rd:Pgmax (Figure 4-13). One possible explanation for this
observation is that clones have lower genetic variation which may increase their
sensitivity to site microclimates (Aspinwall et al. 2011a; Aspinwall et al. 2011b).
Contrary to their expectations, Aspinwall et al. (2011a) observed that full-sib and half-sib
families had greater uniformity of physiological processes than clonal varieties. They
suggested that greater genetic variation may provide a buffer to environmental
heterogeneity and allow for more uniformity of physiological processes such as
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photosynthesis. It is possible that the greater genetic variation of the open-pollinated LA
and 756 genotypes allowed them to adapt to microsite differences and perform more
similarly in contrast with 93.
Prior research has documented photosynthetic variation between genotypes
(Blazier et al. 2018; Boltz et al. 1985), but other results have been mixed (Aspinwall et al.
2011b; Tyree et al. 2009; Yang et al. 2002). Boltz et al. (1985) observed that a Florida
family exhibited greater leaf-level photosynthesis than a Texas family. That Florida seed
source also had greater biomass production, which may be linked to the greater
photosynthesis rate. A greater photosynthesis rate should increase a tree’s ability to
produce carbohydrates, which can be used for growth and stress responses. Because there
is a trade-off between carbon investment in growth and defense (Huang et al. 2019), a
lower photosynthesis rate could jeopardize a tree’s ability to both exhibit robust growth
and survive stressful conditions. There is some evidence to suggest that leaf-level
photosynthesis is a poor predictor of tree performance (Chmura and Tjoelker 2008;
Martin et al. 2005; Yang et al. 2002). Bulfe and Fernández (2016) observed greater leaflevel photosynthesis rates in slow-growing families compared to fast-growing families,
but slow-growing families exhibited lower wood production. Slow-growing families
prioritized biomass allocation to roots which may give an advantage during drought, but
no significant differences in drought sensitivity was detected between the fast and slowgrowing families. While drought sensitivity did not vary between the families, slowgrowing families did increase their root carbon allocation in response to drought, in
contrast with fast-growing families (Bulfe and Fernández 2016). In a previous study at
the Hill Farm Research Station, Blazier et al. (2018) detected the 93 genotype exhibiting
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lower leaf-level photosynthesis than the shorter 8103 genotype, depending on
measurement date. When scaled to the whole-crown level, 93 performed on par with
8103, but both were outperformed by 756 (Blazier et al. 2018). The growth results from
that study found that the 756 and 93 had similar height from 2008 – 2011, but today 93 is
outperforming 756 in height (Michael Blazier, Professor, LSU AgCenter, personal
communication). Despite the superior height of 93, this study did not observe the 93
genotype outperforming either the 756 or LA genotypes in leaf-level photosynthesis.
While our photosynthesis results consistently found that the LA and 756
genotypes had greater or equal photosynthesis than the 93 genotype, dark respiration
results were more mixed. Our F18 analysis found that the LA and 756 genotypes had
greater dark respiration than the 93 genotype (Figure 4-11), but the F20 dark respiration
results indicated that the 93 genotype had significantly greater Rd than the LA genotype
(Figure 4-13). This is further complicated by the lack of significant differences in the
F19 dark respiration analysis (Figure 4-12). Each flush was measured over different
seasons, which may explain these seemingly contrary results. F20’s measurement months
included June – November 2020, while F18 was only measured during the summer of
2019. Because F18 was measured as old foliage during the end its lifespan, the results
may indicate that the 93 genotype transitions its resources faster to the new foliage than
the 756 and LA genotypes. F20 was measured as the new foliage during the period of
F19 senescence in fall of 2020. The greater dark respiration of 93 during this period may
indicate a greater priority on new foliage compared to the other genotypes. This
explanation is consistent with field observations that found the clonally propagated 93
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genotype transitions its energy from old foliage to new foliage faster than the LA and 756
genotypes (Michael Blazier, Professor, LSU AgCenter, personal communication).
Stomatal conductance is regulated to minimize water loss during periods of high
vapor pressure deficit (Whitehead 1998). We did not detect significant genotypic
variation in stomatal conductance (Table 4-5). When stomatal conductance was
compared between pine species (P. taeda, P. elliottii, and P. palustris) over one growing
season, no clear species variation was found (Samuelson et al. 2012). Stomatal
conductance has been observed to vary among loblolly pine genotypes, but it is not
always consistent (Bongarten et al. 1986, Gonzalez-Benecke et al. 2010). GonzalezBenecke et al. (2010) found that a South Carolina seed source had superior stomatal
control to a Florida seed source, but this only occurred when water was limiting. ACP
and WGR provenances were observed to exhibit different stomatal conductance rates
during an arid summer (Grissom and McKeand 2001). TX genotypes had greater
stomatal conductance than eastern genotypes, but their net photosynthesis rates were not
significantly different (Grissom and McKeand 2001). Our drought treatments only had
measureable differences in soil moisture towards the end of the growing season, which
may explain why there was not a significant main effect or interaction of drought and/or
genotype on stomatal conductance. Further gas exchange measurements of these
genotypes during another summer of water exclusion should help clarify these results.
5.4

Drought Simulation

The drought simulation in this study controlled for lateral water flow by trenching
plots one meter deep and for vertical precipitation by constructing throughfall exclusion
shelters. Although drought simulation reduced soil moisture relative to non-drought plots,
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the water exclusion shelters could not control for other environmental factors associated
with precipitation events such as greater humidity and lower temperature. Conifers have
been reported to replenish water through foliar absorption during water stress (Breshears
et al. 2008). In a drought simulation study of Juniperus monosperma, water exclusion
shelters were able to maintain decreased soil water content compared to controls even
during a monsoon storm (Breshears et al. 2008). Despite the fact that the monsoon did
not increase soil water content of drought plots, droughted trees still increased their leaf
water potential following the heavy precipitation. Boucher et al. (1995) reported similar
observations in their study of eastern white pine (Pinus strobus). The application of dew
to water stressed P. strobus seedlings caused an increase in stomatal conductance and
shoot water potentials (Boucher et al. 1995).
Hurricane Laura caused significant precipitation at our site, and non-drought plots
had large increases in soil water content. While foliar water absorption has not been
directly measured in loblolly pine, it is likely that their behavior would be similar to
eastern white pine. Both 2019 and 2020 were characterized with above-average annual
precipitation, which would have likely allowed droughted trees to relieve some water
stress during precipitation despite soil moisture remaining low.
Neither drought nor thinning treatments had significant effects on photosynthetic
variables (Table 4-3). Our volumetric soil water content results indicate that soil
moisture differences did not occur until early August 2020 (Figure 4-2). That date
coincides with the last gas exchange measurements of the F19 foliage before it
senescenced in fall 2020. Loblolly pine has been observed to reduce leaf biomass instead
of lowering photosynthesis rates in response to drought (Maggard et al. 2016b), which
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may explain why drought effects were not detected in F19 and F20. Several drought
simulation studies have not found photosynthetic differences between drought and
control treatments (Maggard et al. 2016b; Pell and Samuelson 2016; Samuelson et al.
2018; Wightman et al. 2016). For F20 foliage, Pgmax, Pnet (Figure 4-8), and Rd (Figure
4-14) were on average greater in non-drought plots than drought plots, but this effect was
not statistically significant. It is possible that there were gas exchange differences
between drought treatments, but that they manifested as diurnal trends. Tang et al. (2004)
observed that during the arid June and August, drought treatments reduced their
photosynthesis and stomatal conductance earlier in the day relative to non-drought
treatments. Because it was not feasible to compare gas exchange rates between treatments
during a particular time of day, the experimental design was limited in detecting diurnal
gas exchange patterns.
Comparison of drought resistance between genotypes was certainly limited by the
short time frame of drought simulation. Loblolly pine stores significant carbohydrates
over the dormant season to support foliage development in spring (Ludovici et al. 2002;
Magel et al. 2000). Peak foliage starch concentrations do not occur until May or June,
which indicates the importance of winter and spring carbon assimilation to support
foliage development (Ludovici et al. 2002). Water deficits inhibit the enzyme sucrosephosphate synthase (Chaves et al. 1992), which plays a major role in carbon metabolism
(Magel et al. 2000). As the near-full exclusion of precipitation did not occur until June,
needle development and carbon assimilation in spring would have occurred uninhibited.
Likewise, the normal carbon assimilation and starch storage during spring could have
supported acclimation to drought conditions during the summer.
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Loblolly pine is a very drought-resistant species, which may explain why the
effect of drought was not detected. During one of the worst droughts in Texas history,
which lasted 11 months, plantation loblolly pine only experienced 10% increased
mortality while natural stands had 26% increased mortality (Klockow et al. 2020).
Differences in intraspecific and interspecific competition is one explanation for these
mortality differences. Plantations are maintained at much lower tree densities, and
competing vegetation is often controlled. Klockow et al. (2020) credits these forestry
practices with increasing plantation loblolly pine survival during the extreme drought.
The loblolly pine plantation in this study also had strong interspecific control and was
maintained at a relatively low density level compared to natural stands. The trees of this
study had diameters within merchantable DBH (15-35 cm) (unpublished data), which
was the diameter class that had the largest survival rate during the extreme 2011 drought
(Klockow et al. 2020).
5.5

Thinning

No significant main effects of thinning was detected from our analysis. Several
previous studies found that density reductions can benefit loblolly pine water relations
(Cregg et al. 1990; Stogsdill et al. 1992). The theory behind thinning ameliorating
drought stress is that the allocation of additional resources to residual trees would
decrease drought mortality. The lack of detectible drought stress likely limited the
benefits of thinning experienced in this study’s plantation. A significant effect of thinning
was detected on stomatal conductance from the three-way interaction of Genotype × Thin
× Drought in flush 2019. While there were few significant differences from that
interaction, non-drought/thinned 756 plots had significantly greater stomatal conductance
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than non-drought/non-thinned plots. Thinning has been observed to increase stomatal
conductance, particularly in the lower crown (Peterson et al. 1997; Tang et al. 1999).
Thinning can also increase leaf-level photosynthesis in the absence of drought by
increasing light availability to lower-crown foliage (Tang et al. 2003; Yu et al. 2003).
Our experimental design sampled branches from the upper 1/3rd crown, and this foliage
should not have been light-limited. Because thinning causes greater benefit to lowercrown foliage than upper-crown foliage, our experimental design was limited in
examining whole-crown benefits to thinning. Examining whole-crown responses to
thinning would give greater insight into thinning impacts on whole-tree carbon relations.
Crown-level photosynthetically active radiation (PAR) and whole-crown leaf area
analysis of this plantation will be analyzed in future studies and should provide a greater
understanding of additional thinning effects.
The additional resources allocated to residual trees through thinning should
benefit leaf-level metabolism. Consistent with that theory, there was a non-significant
trend for thinned plots to exhibit greater average Rd than non-thinned plots (Figure 4-16).
A significant three-way interaction of Genotype × Thin × Date was detected in our F20
dark respiration results. Those results found that dark respiration varied inconsistently by
tree density in 756 and 93, but not in LA. Reducing tree density through thinning should
allocate additional resources to residual trees and allow for greater photosynthesis and
respiration. In September 2020, the thinned 93 plots had significantly greater dark
respiration than non-thinned plots, but the opposite was observed during the same month
for 756. It appears that the 756 and 93genoypes are more sensitive to density changes
than LA, which is consistent with the results of some provenance tests (Smith et al. 2014;
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Walker et al. 2020). Smith et al. (2014) reported greater intraspecific mortality in ACP
genotypes compared to WGR genotypes, which the author attributed to differences in
competition tolerance. The lower competition tolerance of eastern genotypes may explain
the sensitivity of 756 and 93 to density changes. Competition for limited resources drives
intraspecific mortality during canopy closure (Smith et al. 2014; Ziede 1985). It is
possible that a genotype that is able to resist self-thinning mortality may be less sensitive
to soil resource availability, and thus exhibit greater drought resistance. When examining
western gulf genotypes, Yeiser et al. (2001) suggested that drought resistance and
competition tolerance may be linked. It is difficult to make an assessment of this theory
with the limited drought and thinning results of this study. Future studies should examine
how western and eastern genotypes respond to variable levels of tree density and drought.

CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1

Conclusions

Over the next century, loblolly pine will likely experience more stressful climate
conditions (McNulty et al. 1996), which will require plantation managers to select trees
that are more resistant to factors such as environmental stress (Farjat et al. 2017). To
maintain plantation productivity under a changing climate, genotypes will need to exhibit
strong growth rates while simultaneously resisting drought. This study found significant
genotypic differences in leaf-level photosynthesis and dark respiration, which supports
the theory that there is genotypic variation in carbon metabolism. Carbon fixation is the
basis of photosynthesis and plays a major role in plant growth (Mooney 1972), therefore
understanding the complex carbon relationships of trees has the potential to further the
optimization of loblolly pine genetic refinement (Martin et al. 2005). While this study
was not able to link genotypic differences in carbon metabolism to drought resistance, it
is certain that carbon balance plays a role in tree responses to environmental stress
(Huang et al. 2019; McDowell et al. 2011). Carbon starvation is one primary cause of tree
mortality (McDowell et al. 2011) and genetic differences in carbon metabolism will
likely impact drought resistance. Trees respond to drought through changing biomass
allocation patterns (Hacke et al. 2000), osmotic adjustment (Meier et al. 2002), reducing
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carbon metabolism (Tang et al. 2004), and other physiological acclimation strategies
(Watkinson et al. 2003). The ability of a tree to defend against bark beetles is influenced
by its ability to produce resin and other defensive compounds which requires sufficient
carbon production (Huang et al. 2019). There is a strong need for ways to protect
plantations from bark beetles, and the results of this studies pesticide trial demonstrate
that dinotefuran is not associated with phytotoxicity. Our results will aid future research
in understanding genotypic differences in carbon assimilation and evaluating how these
differences influence drought resistance.
This study was only able to track loblolly pine leaf-level physiology for a few
months after throughfall exclusion shelters began causing moisture differences between
drought and non-drought treatments. The marginally nonsignificant drought results
suggested that non-drought plots had greater average photosynthesis and respiration;
those effects may become stronger as time goes on. Continuing to track leaf-level
physiology for another growing season will likely lead to significant differences being
observed between drought and non-drought treatments.
6.2

Future Work

Several future projects will examine additional physiological traits for this
loblolly pine plantation. Foliage water potential has been periodically measured to detect
any osmotic adjustments occurring from drought simulation. Sap flow will be analyzed
to directly measure tree water balance and compare drought responses. Leaf area analysis
will be conducted to scale leaf-level physiology to the crown-level and assist in
understanding genotype variation in aboveground biomass partitioning. Canopy
photosynthetically active radiation (PAR) will be measured at different crown levels to

69
determine additional effects of thinning on pine physiology. The PAR data will also assist
in understanding crown shade dynamics to help explain genotypic differences in
photosynthesis. Shoot carbohydrates have been periodically sampled to understand shoot
and needle carbohydrate dynamics. Carbohydrate analysis can also assist in
understanding drought resistance by comparing carbon isotope discrimination, which can
indicate limitations to stomatal conductance (Francey and Farquhar 1982; McDowell et
al. 2006). Finally, below-ground biomass will be measured to understand the effect of
drought simulation on root behavior.
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